Inter-Destination Media Synchronization (IDMS) is essential for enabling pleasant shared media experiences. The goal of my PhD thesis is to design, develop and evaluate an advanced RTP/RTCPbased IDMS solution fitting the requirements of the emerging distributed media consumption paradigm. In particular, standard compliant extensions to RTCP are being specified to allow for an accurate, adaptive and dynamic IDMS control when using RTP for streaming media. Moreover, the feasibility and suitability of several architectural schemes for exchanging the IDMS information, algorithms for allowing a dynamic IDMS monitoring and control, as well as adjustment techniques are being investigated. Objective and subjective testing are being conducted to validate the satisfactory performance of our IDMS solution and to provide insights about the users' tolerance on asynchrony levels in different IDMS scenarios.
INTRODUCTION & MOTIVATION
Traditional research on media synchronization (sync, hereafter) has been primarily focused on orchestrating the play out of incoming media streams locally at single devices. On one hand, intra-stream sync deals with the maintenance of the temporal relationships between the Media Units (MUs), e.g. video frames or audio samples, within a specific media stream. On the other hand, inter-stream sync refers to the preservation of the temporal dependences between MUs of independent, but correlated, media streams, being lip-sync the most representative example [1] .
With the development of distributed multi-party media services, such as video-conferencing or Computer Supported Cooperative Work (CSCW), the need for a third type of media sync emerged: Inter-Destination Media Sync (IDMS) [2, 3] , which involves the simultaneous synchronization of the media playout of a specific media stream across separated devices. The relevancy of IDMS is increasing in the emerging media consumption landscape. Nowadays, innovative forms of shared experiences are gaining momentum [4] , allowing geographically distributed users to socially interact (e.g., using text, audio or video chat) within the context of simultaneous content consumption. Some examples are Social TV, networked games, 3D Tele-Immersion, synchronous elearning, etc. However, realizing those shared interactive services faces a lot of challenges [5] . In particular, end-to-end (e2e) delay differences when streaming the same media content to a group of geographically distributed clients must be compensated for. Previous works have revealed that that e2e delay differences can range from a few milliseconds up to 8 s, depending on the technology in use [4, [6] [7] [8] . More specifically, the measurements in [7] showed that the e2e delays for the shortest and longest paths of an IPTV scenario can differ up to 6 s. These delay differences are significantly larger than acceptable limits in most of the IDMS use cases [4] . As an example, a controlled user study analyzed the effects of de-synchronization on the QoE in shared video watching scenario, in which users communicated each other (via text and voice chat) [9] . It was concluded that delay differences up to 1 s might not be perceptible by users, but differences over 2 s really become annoying for most of them. These results provide initial empirical evidence that actual e2e delay differences lead to high rates of user dissatisfaction. Moreover, Social TV is not, by far, the most restrictive IDMS use case, and other scenarios require stringent sync levels [4] . Consequently, this motivates the design, development and (objective and subjective) evaluation of an inter-operable, adaptive and accurate IDMS solution to compensate such e2e delay variability, thus enabling seamless and coherent shared media experiences. These are the final goals of my PhD thesis.
The design and specification of an IDMS solution comprises several aspects. A key issue is to choose or to specify suitable protocols to stream the media and to exchange timing information between the involved sync entities. Besides, different architectural schemes between the sync entities can be adopted. In addition, several monitoring and control algorithms, as well as adjustment techniques, need to be designed to achieve IDMS. Accordingly, associated sub-goals of my PhD thesis deal with the analysis of the feasibility and suitability of different alternatives for all the above components of the IDMS solution under development.
This paper provides an outline of the methodology, contributions and impact on the research community of my PhD thesis.
METHODOLOGY
In order to achieve the objectives of my PhD thesis I intend to use the methodology sketched in Fig. 1 , which is briefly described in this Section. Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for third-party components of this work must be honored. For all other uses, contact the Owner/Author. Copyright is held by the owner/author(s). MM '13 
Problem Analysis
I started my research with a thorough review of the start-of-the-art and a compilation of use cases requiring IDMS [4] . This allowed me: i) to better understand the research problems and the associated challenges; ii) to identify the strengths and limitations of existing IDMS solutions; and iii) to derive the technical requirements that must be provided.
Several works have addressed this topic up to date (e.g., [2, 5, 10] ). In [3] , our research group presented a survey of existing IDMS solutions, which will be extended and updated in my PhD thesis. But apart from numerous papers, two recent PhD dissertations have addressed the IDMS problem. The PhD thesis by I. Vaishnavi [11] was focused on three relevant areas to provide coherence in shared media experiences in cross-domain scenarios: QoS, distributed media synchronization, and user mobility. In this research work, the local-lag algorithm [10] , which was originally devised for networked games, was adapted to be used for shared video watching. The PhD thesis by Z. Huang [12] proposed a dissemination framework to meet the sync requirements (including IDMS) for multi-site tele-inmmersive systems involving time-correlated multi-sensory media streams.
Requirements for IDMS
Most of the existing IDMS solutions (surveyed in [3] ) define new proprietary protocols that may increase the network load and make compatibility between (third-party) implementations more difficult. In addition, some of these IDMS solutions are only based on compensating the network delay variability, but do not take into account variable delays that are originated at the client side [4, 6, 7] . Some other solutions uniquely rely on syncing specific events (e.g., stream content or position updates), but do not support continuous monitoring and control processes.
My thesis acknowledges all the previous advances on IDMS, but mainly aims to design, develop and evaluate, both objectively and subjectively, a wider-applicable, inter-operable, adaptive and highly accurate IDMS solution, being capable of overcoming the above limitations while additionally fitting key requirements for IDMS, such as the following ones:
1. The IDMS solution must rely as much as possible on existing technologies (standard, if possible). This will assure interoperability when being deployed in large-scale scenarios, involving third-party infrastructure and communication devices.
2. Provisioning of timelines (and additional metadata, such as sequence numbers, payload type and source identifiers) in the media delivery units. This would enable a simpler reconstruction of the original media timing and allow for aligning timelines from different streams at the client side.
3. The IDMS solution must rely on wall-clock timing information. Additionally, the existence of mechanisms for negotiating the use of common global wall-clock sources between the involved sync entities is desired. This would allow a coherent framework for stamping, interpreting an aligning timelines in the media delivery chain.
4. Compensation of the e2e delay (i.e., from capture/retrieval at the server side to presentation at the client side) variability between distributed sync entities.
5. Need for a feedback control channel. This would enable a continuous monitoring and control of the IDMS process. This signaling channel, or an additional one, will also be very useful to negotiate key aspects for IDMS (e.g., group membership or clock sources).
6. Inherent rate adaption techniques (at the server-side, at the client-side, or both) to adjust the IDMS timing, allowing to dynamically maintain and restore the original synchronicity.
7. Support of the IDMS solution by both network and endsystem entities. This would allow a future deployment of a highly scalable IDMS solution (e.g., for IPTV services) [8] .
Design Process
The next step of my PhD thesis consists in the design of all components of the IDMS solution. This includes the protocol specification (fitting the above requirements), architectural schemes, monitoring and control algorithms, as well as adjustment techniques to achieve IDMS. More details about each of these sub-parts of the IDMS solution under design are in Section 3.
Prototype Implementation & Evaluation
According to the schedule of the design process, the prototype implementation and evaluation processes will not be performed at a single stage, but will be repeated for each individual component of the IDMS under design, as well as for the global IDMS solution at a later stage (see Fig. 1 ). In order to validate the performance of the IDMS solution, two main evaluation methodologies are being employed: simulation and user perception tests. Therefore, the first step consisted in selecting the most appropriate frameworks for deploying appropriate prototypes. Network Simulator 2 (NS-2) and GStreamer were chosen, respectively. The implementation in a simulation framework enables better flexibility for double checking assumptions and for identifying critical issues during the design and evaluation processes. The repeatability of the experimentation is more feasible than in real-world assessments. Moreover, it facilitates the assessment of the performance of our IDMS solution in heterogeneous network environments (under different and controllable conditions). Through simulation tests, the responsiveness, effectiveness and consistent behavior of all deployed control schemes, algorithms and adjustment techniques for IDMS can be assessed, by providing measurements about networking-related aspects, objective QoS statistics, as well as delay differences (asynchrony) between Sync Clients. In [13, 14] , readers can find the obtained simulation results and conclusions up to date. However, even though considering the convenience of simulation tests, they cannot definitively validate the performance of our IDMS solution. This is because the user satisfaction (QoE) on the perceived shared media experience is the key aspect that will determine the benefits provided by our IDMS solution, and this cannot be obtained through simulation tests. Hence, the implementation of a prototype of a real media sharing application is also required, which is a key stage of my PhD thesis (work in progress). This will also allow me to carry out objective testing, but, most importantly, a subjective evaluation in real scenarios.
As a summary, the evaluation methodology I am employing in my PhD thesis, as well as the associated metrics under assessment, are sketched in Fig. 2 . Based on the findings and conclusions from the complete evaluation process I will hopefully have gathered the necessary outputs to conclude my PhD thesis.
RESEARCH CONTRIBUTIONS
This section outlines the ongoing and expected research contributions of my PhD thesis.
Current Progress

Protocol Specification: RTP/RTCP for IDMS
Several standard protocols were analyzed for assessing their suitability for being extended for IDMS purposes [14] . But, definitely, RTP/RTCP were selected because of their compliance with most of the above-described requirements. Moreover, these protocols are extensively used in managed streaming services, they provide both intra-and inter-stream sync mechanisms, and their specification (RFC 3550) allows further extensions to them. After selecting RTP/RTCP for IDMS, the next step was to choose the most suited extension points to accomplish our requirements. RFC 5968 provides common guidelines for extending those protocols, while allowing for interoperability and protocol maintenance. Accordingly, a newly-defined RTCP XR block (RFC 3611) for IDMS, called IDMS report, was specified to enable Sync Clients to provide feedback about reception and/or presentation times for specific RTP packets. But apart from using RTCP for monitoring purposes, control of the timing of the Sync Clients is also needed. Therefore, an additional RTCP packet type for IDMS, called IDMS Settings packet, was specified to provide guidance on when to playout the media. Additionally, an SDP attribute was defined to signalize the use of these RTCP messages. The format of the RTCP messages and their exchange process to achieve IDMS can be found in [4, 14, 15] .
Evaluation
Objective -QoS (delay, jitter, asynchrony, packet loss, traffic overhead, buffer fullness level, consistency, robustness, scalability, etc.)
Subjective -QoE (allowable asynchrony thresholds, users' satisfaction, feeling of 'togetherness', fairness, etc.)
Simulation Framework (NS-2)
Real Media Framework (GStreamer) Figure 2 . Evaluation Methodology.
I am actively involved in the standardization process of the protocol specification for IDMS within the IETF [15] . In my opinion, standardization will help the uptake of implementations, ensuring a more widespread use of IDMS in practice.
Group-based IDMS Control
One of the targeted goals of my thesis was to enable the coexistence of various logical groups of users in a shared media session, while allowing an independent control of their playout processes. The proposed RTCP messages and the SDP attribute for IDMS have taken into account this requirement [15] . Also, further control algorithms have been designed to achieve this capability, as proved in [13, 14] .
Architectural Schemes for IDMS
Three main architectural schemes for IDMS can be distinguished [4] : two centralized schemes (Master/Slave or M/S Scheme and Synchronization Maestro Scheme or SMS) and a distributed one (Distributed Control Scheme or DCS). The involved sync entities and their communication process to achieve IDMS in each one of them is illustrated in Fig. 3 . A qualitative comparison among these schemes, taking into account several key factors for IDMS, is provided in my PhD thesis [4] (summarized in Table 1 ). Each scheme has its own strengths and weaknesses, and is best suited for specific IDMS use cases. Subsequently, I also decided on their development in an extended version of our IDMS solution [14] , which was initially based only on the use of SMS [13] . The consistent behavior and effectiveness of these control schemes for IDMS is validated in my PhD thesis [14] . Moreover, several techniques are being designed to enhance their responsiveness regarding specific features, such as coherence for DCS [14] , as well as scalability and interactivity for SMS (see Section 3.2). 
Master Reference Selection Policies
Once the IDMS reports from all Sync Clients in a specific group have been gathered, a reference IDMS timing to synchronize with has to be selected. The feasibility and suitability (in terms of interactivity, efficiency, fairness, buffer fullness level, etc.) of different dynamic master reference selection policies, for each architectural scheme in use, are being explored (see e.g., [13, 14] ).
Adjustment Techniques
After selecting the IDMS reference, the next step is to perform the required adjustments to synchronize. A compilation of server-and client-based techniques that can be used to prevent, maintain or restore sync between separated clients will be provided in my PhD thesis. From these, two reactive client-based techniques have been designed. The first one is based on aggressive playout adjustments (skips & pauses) whilst the second one makes use of smooth playout adjustments (Adaptive Media Playout or AMP). The performance of these techniques, for each one of the deployed IDMS schemes, is being assessed in my thesis (see e.g., [13, 14] ).
Next Steps
This sub-section discusses the next steps to complete my PhD thesis, which are scheduled for the next 20 months.
Event-Driven RTCP Feedback Mechanisms
Novel event-driven RTCP reporting mechanisms will be designed for enhancing the performance of our IDMS solution in terms of interactivity, flexibility and accuracy when using SMS. In particular, these mechanisms will be targeted to allow the transmission of Early RTCP packets (RFC 4585) as a response to observed events of interest, while still adhering to the RTCP traffic bounds (RFC 3550). Three main advantages are expected to be provided: i) earlier correction of out-of-sync situations; ii) concurrent presentation of dynamic media-related events in a finegrained synchronized way with the piece of content they refer to; and iii) delay reduction when joining IDMS-enabled sessions.
Optimized AMP Technique
Further research on AMP for IDMS will be targeted to meet two additional QoE-related goals. The first one is to find the best curve for minimizing abrupt changes in the playout rate. The second one is to meet a trade-off between a proper playout buffer occupancy in all Sync Clients and an overall IDMS control.
QoE Perception Tests
A key future step of my PhD thesis is to analyze the benefits on the QoE provided by our IDMS solution. To accomplish this, rigorous subjective testing in different media sharing scenarios will be carried out, complementing previous studies (e.g., [9, 11, 12] . These user perception studies will be targeted to answer the following research questions (one of the main contributions of my PhD thesis): i) which asynchrony levels are noticeable or annoying to users in different cases (as done by Prof. Steinmetz for inter-stream sync in [1] ); ii) which architectural schemes and adjustment techniques are best suited for IDMS; and iii) the sync accuracy that can be achieved with our IDMS solution in real setups. A set of questionnaires will be employed and multiple interviews will be conducted to investigate the influence of several aspects on the perceived QoE. Statistical analysis will also be performed to confirm the validity of the experimentation.
